The combined effect of micro-and nano-fillers on mechanical, thermal, and morphological behavior of glass-carbon hybrid composite (GC) has been studied. Three material systems were selected for the study: hybrid glass-carbon fiber-reinforced 80 wt.% PA66-20 wt.% PTFE blend (GC), GC/micro-fillers (MoS 2 , SiC, Al 2 O 3 ) (GCM), and GCM/nano-filler (Al 2 O 3 ) (GCN). These composites were produced by the melt mix method using the extrusion technique followed by injection molding. It is found from the experimentation that the effect of micro-fillers impaired the mechanical behavior of micro-composites (GCM). The combined effect of micro-and nano-fillers slightly deteriorated the tensile and flexural behavior but improved the impact property of nano-composites (GCN). The synergistic effect between micro-and nano-fillers constrained the loss in strength of nano-composites at a higher temperature slightly exhibiting thermal stability. Further, it was observed from the morphological study through SEM photographs that the fractured surfaces were characterized by fiber fracture, severe deformation, and slight agglomeration of nano-particles in composite system.
Introduction
Hybrid polymer composites are plying the major role in structural applications because of their multidimensional performance. The percentage failure of homopolymer has been increasing day to day because of their failure to satisfy the demands arising from the situations which require both mechanical and tribological performances [1] . Further, it has been observed that the polymer composites are attracting in all fields of engineering because of their light weight and selflubrication properties [2] . Therefore, to increase the demand in the usage of polymer composites, they have to be modified in order to meet the requirements both in mechanical and tribological performance even at high temperature simultaneously. Polymers can be modified through polymer blending, copolymerization, and reinforcing fillers and/or fibers into them. Polymer blending is the most effective method for polymer modification. Also, it has been observed from the research that the blend performance is better than the component polymer [3] . Further, it has been proved that the addition of fillers and fibers effectively improved the strength of polymer composites [4] . But the sole effect of micro-fillers had played the major role in improving the behavior of polymer composites [5] . Some of the nano-fillers such as titanium dioxide (TiO 2 ), clay, molybdenum disulfide (MoS 2 ), silicon carbide (SiC), and alumina are also used as potential fillers for the development of mechanical behavior of nano-polymer composites [6] . Many researchers have contributed their work on polymer composites and their blends using fibers and fillers. The combined effect of short carbon fibers, graphite, and nano-particles on the mechanical behavior of polyimide composites is reported by Wang et al. [7] . It is observed that the reinforcement of fibers enhanced the strength of composites. But the combined effect of both micro-and nano-fillers impaired the strength of carbon fiber-reinforced polyimide composites. The effect of nano-graphene on thermal and mechanical properties of short glass fiber-reinforced polyamide 6 composites is reported by Pan et al. [8] . The inclusion of nano-graphene improved the strength of composites in all respect for 1 wt.% in composites. Further increase in the addition of nano-particles could impair the strength of hybrid composites. The effect of mica filler on mechanical behavior of short glass fiber-reinforced polyamide 6 (PA6) composites is reported by Unal and Mimoroglu [9] . The results showed that the combined effect of both mica filler and glass fiber enhanced the strength of PA6 composites. But the strength of composites showed a negative effect on the percentage increase of mica filler. The mechanical behavior of silicon dioxide (SiO 2 ) filled PBO fiber-reinforced high-density polyethylene (HDPE) composites has been reported by Zhang and Hu et al. [10] . The combined effect of both SiO 2 and PBO fibers enhanced the strength of composites with an increase in SiO 2 filler. Chunzheng and Xuezhen [11] studied the synergistic effect of zirconium dioxide (ZrO 2 ) nano-filler with short carbon fibers on mechanical behavior of poly (etheretherketone) (PEEK) composites. They showed that the inclusion of nanofiller into fiber-filled composites improved the mechanical strength. The nano-ZrO 2 filler impaired the stress concentration and controlled the failure of carbon fibers thereby increasing the strength of composites. The effect of different-sized nano-fillers such as carbon, silicon carbide, and silicon dioxide on the tensile behavior of Pitch and Pan-based carbon fibers-reinforced polyamide 6 composites has been studied and reported by Naito [12] . The effect of nano-fillers played the appreciable role in defining the strength of composites. The effect of nano-tube-filled basalt fiber-reinforced polyamide 6 composites has been studied for the mechanical behavior by Meszaros et al. [13] . The results showed that the combined effect of nano-tube and basalt fiber-filled composites exhibits better mechanical properties. The effect of nano-calcium carbonate (CaCO 3 ) on impact and flexural behavior of short glass fiber (SGF)-reinforced polyphenylene sulfide (PPS) composites has been studied for impact and flexural properties by Liang et al. [14] . They showed that the nano-filler CaCO 3 addition enhanced the strength of fiber-filled composites. Further, the effect of the same on mechanical behavior of SGF-reinforced PPS/PC composites has been reported by Liang et al. [15] . It has been observed that the addition of nano-filler effectively improved the strength of composites. This promising trend has been allowed by the composites up to 6 wt.% of CaCO 3 . The effect of nano-carbon tubes on the mechanical properties of short fibers-reinforced polypropylene has been reported by Rahmanian et al. [16] . Short carbon fibers (SCF) and short glass fibers (SGF) were the potential fibers used for the study. They reported that the effect of nanofillers enhanced the strength of fiber-filled composites. The mechanical properties of polypropylene composites reinforced with long glass fibers and mineral fillers are reported by Hartikainen et al. [17] . They reported that the effect of talc is more significant than CaCO 3 filler in developing the tensile strength of the composites. The effect of synergism between micro-and nano-fillers and their geometry is one of the critical factor to be considered in evaluating the performance of nanocomposites. The sole effect of micro-and nano-fillers on manofiber-reinforced composites showed the better mechanical performance. The geometry of fillers, degree of distribution, bonding between fillers and their ability to adhere to the surface of thermoplastic composites has to be studied seriously in order to evaluate the performance of fiber-reinforced composites. But the hybrid fiber-reinforced composites showed better mechanical behavior. But the mechanical applications like ratchets, bullet proofs, automobile bodies, and other toughened components require good strength, stiffness, and toughness. This could be achieved by synergism between fillers in hybrid fiber-reinforced composites. But the hybrid fiber composites along with micro-and nano-fillers could effectively support the fracture toughness, hardness, strength, and also toughness. Mixed response has been raised among the researchers about hybrid fiber-reinforced composites with nano-fillers. There are certain fibers such as glass fiber and carbon fibers which are very much effective in improving the modulus, toughness, stiffness, and also other properties of thermoplastic. Therefore, systematic investigation is required for the effective development of nano-composites.
From the above literature survey, it has been observed that the concept of polymer blend is rarely reported. The effect of nano-filler addition on fiber-filled composites exhibits the mixed response on mechanical behavior. It is observed from the research that polyamide 66 is a high strength polymer whereas PTFE is a high-temperature polymer with good tribo characteristics. Further, the blend concept of polyamide 66 and polytetrafluoroethylene (PA66/PTFE) has not been reported. Hence, an attempt has been made by selecting PA66/ PTFE blend as a base material for the development of composites in this study. The study on the individual effect of micro-filler on manofiber-reinforced composites is available in plenty. But the effect of hybrid fillers on multifiberreinforced composites is not reported. Also, the combined effect of micro-and nano-fillers on hybrid fiber-reinforced thermoplastic composites is not reported. Therefore, the hybridization effect of micro-fillers (MoS 2 , SiC, and alumina) and nano-filler (Al 2 O 3 ) on mechanical properties, thermal stability, and morphology of composites-fractured surfaces is studied and reported systematically. Molybdenum disulfide improves adhesivity of fillers with the thermoplastic [18] . Further, it enhances the strength of polymer transfer film during friction. Silicon carbide improves the hardness and thermal stability of composites [19] . All friction applications require high endurance that can be developed using SiC filler. Also, SiC filler has good compatibility with thermoplastics in improving the properties. Alumina is used to improve the hardness and refractory nature of hybrid composites for high-thermal situations. High melting point of Alumina resists the thermal load of composites [20] . Alumina filler offers great resistance to crack initiation and propagation. Further, the hybridization combination of glass-carbon fiber is not reported for hybrid composites. Keeping this in view, the combined effect of micro-and nano-fillers on mechanical, thermal, and morphological behavior of glass-carbon hybrid composites is reported.
2 Materials, formulations, processing, and testing
The details on materials data and formulation of composite system in weight percentage for a different composite system are tabulated in Tables 1 and 2 respectively.
Processing of hybrid nano-composites
T h e p o l y m e r s s u c h a s p o l y a m i d e 6 6 ( PA 6 6 ) , polytetrafluoroethylene (PTFE), MoS 2 , SiC, alumina, SGF, and SCF fibers were selected as per the formulations of composite system (Table 1 ) and dried in separating heating oven at about 80°C. This is to avoid the effect of hydrolyzing and plasticization effect [19] . This is because some of the polymers like PA66 are hydrophobic in nature and some of the fillers may react with the oxygen present on the surface forming different oxides which hinder the properties of composites. Here, a two-step processing is required. Initially, the mixture of PA66 and PTFE was used for the fabrication. These polymers after heating were subjected to proper mixing using the mixer at a rotating speed of 20 RPM. This is due to the uniform distribution of all the contents of the mixture. The mixture is then subjected to melt mix method through twinscrew extrusion. The mixture is then extruded using Barbender co-rotating twin-screw extruder. The barrel consists of five heating zones whose temperature is maintained at 220°C, 235°C, 240°C, 265°C, and 270°C respectively and the temperature at the die is 220°C. The extruder screw speed was constrained to 100 RPM with a feed rate of 5 kg/h. The extrudates of PA66/PTFE bend which were in cylindrical form were quenched in cold water and then pelletized using pelletizing machine. The obtained pellets were once again subjected to heating process to remove any moisture present on the surface. This is to avoid once again moisture effect and to improve the surface cohesibility.
In the second step, the micro-fillers and nano-fillers were mixed and subjected to severe rotation using the mixer. The blended pellets, SGF, and SCF were then mixed to the mixture of fillers and then once again subjected to rotation using a mixer. This combined mixture is then subjected to the melt mix method using the twin-screw extrusion. The cylindrical extrudates of nano-composites were quenched in cold water and then subjected to pelletization to obtain pellets. These blended pellets were once again subjected to heating process before subjecting them for injection molding. The temperature maintained in two zones of injection molding machine barrel was zone 1 (265°C) and zone 2 (290°C), and the mold temperature is set to 65°C. The screw speed of 10-15 RPM with 700-800-bar injection pressure was maintained in the process. The injection time of 10 s, cooling time of 35 s, and ejection time of 2 s have been maintained during injection molding. This method is for the production of nanocomposites (GCN).
Measurement of mechanical properties
The mechanical properties of composites studied have been presented through tensile strength, flexural strength, and impact strength as per the ASTM method. The tensile behavior of composites is measured using universal testing machine (JJ Lloyd, London, UK, capacity 1-20 KN) as per the ASTM D 638 method [4] . The constant strain rate of 5 mm/min is used. ASTM D 638 Type 1 standard dimension specimen is used for the test (Fig. 1a) . The flexural behavior of the composites is determined at a strain rate of 1.33 mm/min as per ASTM D790 on the same machine [5] . The standard specimen dimension for the flexural strength is shown in Fig. 1b . Izod impact tester is used to measure the notched izod impact strength as per ASTM D256 (Fig. 1c) . The striking rate used for the test was 3.2 mm/s. The hardness (Shore D) of the composites studied is as per the ASTM D2240 method. A suitable specimen of 6-mm thick was selected, and around five to six indentations were made on the specimen. The average value of the hardness is considered for the data representation. The variations in the hardness values are within 3% of the average value.
Thermal behavior of hybrid nano-composites
The thermal behavior of composites is studied through differential scanning calorimeter studies (DSC) and thermogravimetric analysis (TGA). The crystallization and melting characterization of composites are studied and evaluated using the differential scanning calorimeter (DSC) with the help of universal V4.7 TA instrument DSC set up. The temperature range selected for the study was 30 to 300°C. The polymer sample weight of 4.8 mg is considered for the analysis. This sample has been heated up to 300°C through a heating rate of 10°C/min in a constrained nitrogen atmosphere, and the respective scans were recorded. The tested sample under heating condition is kept for 5 to 6 min at the same temperature to eliminate the previous thermal history. Further, it has been cooled back to a temperature of 0°C and is held for a duration of 5 to 6 min at a similar condition. It is then heated to a thermal condition of 300°C through the same heating rate. The crystallization parameters and other related thermal parameters were recorded. The enthalpy of fusion and its degree of crystallinity have been calculated for the studied composites.
Thermogravimetric analysis (TGA) is used to evaluate the thermal stability of composites. The temperature range of 30-800°C is used for the analysis, and a constrained nitrogen atmosphere with a heating rate of 20°C/min has been maintained for the analysis (Universal Instruments TGA Q50 V 20.13). The weight loss in percentage at different temperatures is recorded through thermograms. The derivative weight loss at different temperatures and degradation stage with corresponding temperature were recorded and studied through derivative TGA thermograms.
Morphological studies
The scanning electron microscope (SEM) is used to study the morphology of failure surfaces. The fractured surfaces of composites studied after mechanical test were cut into standard sizes. These specimens were exposed to gold sputtering to coat the conductive layer for proper conductivity and scanned through SEM (Joel JSM-480 Microscope) for a different magnification. The micrographs of fractured surfaces are studied and analyzed. The morphology of fractured surfaces for the failure of composites is reported. 3 Results and discussion
X-ray diffraction analysis (XRD)
The crystalline nature of nano-composites (GC/micro-fillers/ nano-fillers) (GCN) is evaluated using the XRD technique. The XRD patterns of nano-composites are shown in Fig. 2 . The patterns were obtained using the X-ray diffractometer (Bruker AXS DX advance) using copper BK α^r adiation (λ = 1.54056) for the abscissa (2θ) range varying from 10 to 80°. It is observed from the XRD patterns of nano-composites that XRD peaks are highly intensive and sharp. The high intense sharp patterns are the characteristics of crystalline nature of nano-composites. The average nano-crystalline particle size of GCN nano-composite is calculated using DebyeScherer's equation. It states that the mean crystalline size Bd^in nanometers is evaluated using d = Kλ β cosθ . Where K is the shape constant, λ is the X-ray wave length (angstroms), β is the FWHM (radians), and θ is the Bragg's angle (degrees) [21] . The mean crystal nano-size calculated using diffraction patterns and Scherer's equation is tabulated in Table 3 . From the table, it is observed that the mean crystalline nano-size is around 45.7 nm. It is observed from the figure that the X-ray diffraction pattern of composites studied comprises two parts, crystalline and amorphous. It can be seen that the crystallinity of nano-composites increases with the addition of microfillers [22] . This is due to the addition of crystalline component of micro-fillers. These fillers migrate into the amorphous phase of hybrid composites reducing the amorphous domain of nano-composites. The increase in crystallinity indicates the development of grain size [22] . This showed that the effect of micro-fillers has altered the structure of nano-composites. The XRD patterns of hybrid composites exhibit amorphous phase compared to micro-and nano-composites. This is indicated by the rough and scattered patterns of the peak. But both amorphous and crystalline phases have been exhibited by microcomposites as an effect of micro-filler addition. Also, the sharp peaks of micro-composites are the result of crystalline and development of grain size. This showed that the effect of micro-fillers on nano-composites is more severe in improving the crystalline nature.
Effect of micro-and nano-fillers on mechanical behavior of nano-composites
The combined effect of micro-and nano-fillers on mechanical behavior of nano-composites is studied through tensile, flexural, and impact behavior. The combined effect of micro-and nano-fillers on tensile behavior of nano-composites is shown in Fig. 4a .
The detailed tensile behavior of composites studied is tabulated in Table 4 . This behavior is studied through tensile strength and percentage elongation. It is observed from the figure that the mechanical behavior of hybrid composites (GC) is superior among the composites studied. The tensile strength of 96.5 MPa has been exhibited by hybrid composites (GC). This is due to the presence of high-modulus and highstrength SCF and SGF in composites. This is for greater than individual effect of SGF and SCF on the same composites [4] . Further, the slenderness ratio of both the fibers made the hybrid composites to exhibit good tensile strength. The matrix surmounting the fibers is more due to more surface area of fibers which permits the development of good adhesive bonding between matrix and fibers [23] . Both short fibers were sized by silane which is a coating agent to develop interfacial bond between the fiber and matrix [5] . This silane during hydrolysis produces hydroxymethylene which could develop a strong interfacial layer between the surface of fibers and matrix. Hence, high strength is exhibited by the hybrid composites.
The tensile strength of micro-composites has been impaired to78 MPa due to the effect of micro-filler addition which is a 19% decrease. This may be due to the poor interfacial adhesion between the fillers in matrix. The filler microcomposites may be entrapped between the hybrid fibers which avoid the entry of resin into that surface leading to the formation of voids [23] . Also, due to the difference in molecular weight of fillers, the strength of micro-composites was decreased [22] . Further, the immobilization of macromolecular chains by the reinforcement increases the brittleness of the polymer [9] . Thus, the aforesaid factors contribute to impair the tensile strength of micro-composites. This is in good agreement with the work of others [9, 14, 23, 24] .
The combined effect of micro-and nano-fillers had a slightly negative effect on the tensile strength of nano-composites. The tensile strength has been decreased to 65 MPa which is a 13% decrease over the strength of micro-composites. This showed that the hybrid effect of fibers is most promising than the hybrid effect of micro-and nano-fillers. On comparing the promotion of strength using micro-fillers, more effect is contributed by nano-fillers along with the micro-fillers [15] . This has witnessed the synergism between hybrid fillers in composites.
The slight difference of 13% loss in strength has been exhibited by nano-composites over micro-composites against hybrid composites. This poor loss in strength is due to the combined effect of micro-and nano-fillers [9] . This has proved the effect of nano-fillers on tensile strength of composites. The loss in strength experienced by nano-composites is due to the presence of micro-fillers [25] . Further, they promoted the agglomeration of fillers at the non-resin flow regions. The decrease in strength of nano-composites due to the presence of micro-fillers is due to the restricted molecular chain movement which increases the crystallinity of nanocomposites [9] . The fiber-matrix interface in nanocomposites is improved due to the addition of nano-fillers [21, 25, 26] . This is due to the development of percolation network among the reinforcement of composites by the addition of nano-fillers [25] . Due to this, the strength of nanocomposites decreases. The aspect ratio of hybrid fillers is one of the main reasons for declining the strength of nanocomposites. The geometrical variations between fillers and fibers result in voids which leads to impair the mechanical properties of nano-composites [21, 27] . The degree of agglomeration of nano-fillers is increased due to the difference in micro-and nano-scale of fillers. Further, the overlapped gap between hybrid fibers is much effectively filled by fillers. The surface interaction between the associates of nano-composites has been improved by the addition of nano-fillers due to their effective surface area. Further, hybrid fibers have been sized with silane coupling agent. This would establish the effective adhesion between fillers and fibers [13, 25] . The obtained results are in good agreement with the work of others [10, 18] .
The synergistic effect of micro-and nano-fillers on percentage elongation of composites studied is shown in Fig. 3a . The percentage elongation of hybrid composites is 12.5. This decrease in ductility compared to the effect of individual fibers is due to the brittle nature of composites with the loss of elasticity [9] . The effect of micro-filler inclusion decreases the ductility of micro-composites. It is 12 over 12.5 of hybrid composites. This is due to the effect of an increase in brittleness of micro-composites. Further, the interface between hybrid fibers exhibits non-resin flow areas. These areas were subjected to severe stress concentration during load transformation [5] . This may cause the failure of materials at early stages. But the combined effect of both micro-and nano-fillers further decreased the ductility of nano-composites. This may be due to the agglomeration of fillers and also stress concentration zones at the interfaces. Hence, the addition of both microand nano-fillers decreases the ductility of nano-composites.
The stress-strain curve of composites studied is shown in Fig. 4a . It is found from the figure that there is a linear variation in stress and strain among the composites studied. The addition of micro-fillers reduced the load carrying capacity of micro-composites compared to hybrid composites. On the other hand, the combined effect of micro-and nano-fillers further reduced the strength of nano-composites. This may The mean nano-particle size = 45.70 nm be due to the loss of ductility of composites. The combined effect of hybrid fillers impaired the strain of composites studied. But the hybrid composites with good ductility exhibited a better strain among the composites studied. The reduction in strain of micro-and nano-composites is due to the improved degree of porosity in composites which may break the network of adhesion between fillers [25, 27] . The flexural behavior of composites studied is shown in Fig. 3b . Further, the observation made during the flexural behavior is tabulated in Table 5 . It is observed that the flexural strength of 135 MPa has been exhibited by hybrid composites. This is due to the effect of strong and high modulus short fibers present in composites. Further, the interfacial bond between fibers and fillers is developed by the saline coupling agent [5] . The good compatibility established between the short fibers and matrix could transfer the load effectively across the matrix. The surface area of fibers is the effective parameter in improving the stress-bearing capacity of composites.
A sudden drop in flexural strength of micro-composites is observed as an effect of the addition of micro-fillers. The flexural strength of 121 MPa is found to exhibit by microcomposite which is a 10.3% decrease over hybrid composites. This is explained due to a decrease in the deformable area of stress of micro-composites as an effect of micro-filler addition [9] . Further, the decrease in bending strength is due to the poor deformation ability of matrix.
The combined effect of micro-and nano-fillers responds with a flexural strength of 110 MPa of nano-composites which is an 18.7% and 9% decrease over hybrid composites and micro-composites respectively. It is found from the figure that the flexural behavior of nano-composites is a function of [25] . This may be due to an increase in stress concentration as an effect of inclusion of both the micro-and nano-fillers. The addition of micro-fillers such as MoS 2 and SiC has promoted stress raisers in composites. But the addition of nano-filler alumina diminished the effect of stress raisers there by avoiding the higher percentage loss in strength of nano-composites. The stress concentration is initiated by the addition of micro-fillers across the matrix zone. But the inclusion of nano-filler into micro-fillers-filled composites promoted the degree of agglomeration which leads to poor percolation network of fillers. The total area for deformation stress of nano-composites is varied by the addition of nanofillers. This could be the reason for the variation of flexural strength of nano-composites. Even though the sole effect of fibers could have enhanced the strength of composites, the poor response in terms of flexural strength has been exhibited by nano-composites proportional to filler volume fraction due to the combined effect of micro-and nano-fillers [25, 27] . The percentage deflection of hybrid composites is more when compared to other filled composites. Further, the effect of micro-filler addition has impaired the deflection of microcomposites. The hybrid effect of micro-and nano-fillers further reduced the deflection due to bending. This is due to the improper transfer of load due to the presence of voids due to the presence of micro-and nano-fillers [28] . The stress-strain behavior during bending is shown in Fig. 5b . The poor response in deflection has been exhibited by nano-composites. But the bending stress and strain are somehow proportional to each other within the elastic limit. The exhibited results are in good agreement with the research work [25, 27, 28] . The effect of micro-and nano-fillers on impact strength of composites studied is shown in Fig. 3c . The impact strength of hybrid composites is 41 kJ/mm 2 . This is due to the presence of hard fibers in composites. The impact strength of microcomposites has been decreased due to the addition of microfillers. The decrease in impact strength of 39% has been exhibited by micro-composites [28] . This may be due to the effect of stress concentration due to the presence of microfillers. Further, the agglomeration of micro-fillers could decrease the energy required to impact the material. But the significant improvement in impact strength has been exhibited by the combined effect of both micro-and nano-fillers. The combined effect of both the fillers raised the impact strength of nano-composites to 48.5 kJ/mm 2 against the impact strength of hybrid composites of 41 kJ/mm 2 which is an 18% increase. This positive response of composites is due to an increase in localized deformation area for the stress. Further, the combined effect of both micro-and nano-fillers impaired the stress concentration and controlled the failure of hybrid fibers thereby increasing the impact strength of nano-composites [11, 12] . But the individual effect of micro-fillers deteriorated the impact strength whereas the combined effect of micro-and nanofillers enhanced the impact strength of nano-composites. This indicates that the compatibility between micro-and nanofillers is good which helps the composite to resist the impact load in improving the strength of nano-composites. The deformation ability of matrix in nano-composites has been improved due to the addition of nano-fillers through an increase in the surface area of contact between the fillers. Further, the synergism between the fillers and hybrid fibers is improved as an effect of nano-filler addition. The energy absorption capacity of matrix is improved by the addition of nano-fillers there by increasing the toughness of nano-composites. Therefore, a positive response in terms of impact strength is exhibited by nano-composites [11, 12] . Further, a slight decrease in hardness is exhibited by nano-composites as a combined effect of micro-and nano-fillers over hybrid composites.
Effect of micro-and nano-fillers on thermal behavior of nano-composites
The combined effect of micro-and nano-fillers on thermal behavior of composites is studied through DSC and TGA concepts. The obtained results are tabulated in Table 6 .
The synergistic effect of micro-and nano-fillers on melting and crystallization characterization of composites studied is depicted in Fig. 5a , b. It is found from the figure that the crystallization behavior of nano-composites depends on the type of reinforcement.
The crystallization behavior of micro-composites over hybrid composites is shown in Fig. 5a . The effect of micro-filler addition raised the onset temperature of micro-composites to 239.37°C against hybrid composites whose onset temperature is 235.55°C. This indicates that micro-filler addition has enhanced the onset temperature of micro-composites initially. The micro-composites exhibit improved crystalline temperature by the effect of filler addition. The improvement in temperature in all the stages is due to the effect of hybrid potential fillers such as alumina and SiC. Alumina forms a layer with thermoplastics to resist the flow of thermal energy [24, 29] . Further, when silicon carbide was used as the filler with the thermoplastics, the binding energy of composites increases which results in thermal stability of micro-composites. It is found that the thermal energy per unit mass of microcomposites decreases with the addition of micro-fillers. This is due to the creation of tiny voids in micro-composites which further decreases the degree of crystallinity [23] .
The hybrid effect of micro-and nano-fillers on the crystallization characterization and melting nature of nano- The heat of fusion of pure crystalline polyamide 66 is 196 J/g composites is depicted in Fig. 5b . It is observed that the combined effect of both micro-and nano-fillers has initiated the onset temperature at about 237°C against the temperature of 235°C of hybrid composites. Further, with an increase in temperature, the enthalpy of nano-composites decreases and attains the highest value at which the melting temperature was 246°C. The enthalpy of nano-composites has been decreased to 39.8 J/g due to the hybrid effect of micro-and nano-fillers. The decrease in thermal energy per unit mass and its crystallinity is due to the presence of brittle short carbon fibers which increases the thermal flow rate. Further, the enthalpy of nanocomposites decreases due to the presence of SCF in composites [23, 29] . The thermogravimetric analysis of composites studied and the detailed experimentation is tabulated in Tables 7 and 8 . The behavior of composites under the influence of thermal energy and their derivative curves is plotted in Fig 6a-c . It is found from the figure that the thermal effect enabled the composites to exhibit two-step degradation. The thermal decomposition of composites has been constrained for a range of temperature from 645 to 799°C. Further, it has been shown in the figure that the weight loss of composites has been restricted beyond 799°C through the temperature range up to 800°C.
The loss of weight due to the presence of moisture in composites is observed in the temperature range of 28 to 265°C. The effect of weight loss due to loss of matrix mass is spanned in the thermal range of 300 to 520°C [23, 27] . The weight loss due to second-stage decomposition is exhibited in the temperature zone of 500 to 608°C. This is due to the effect of thermal degradation of blend associate PTFE. The decomposition of nano-composites (GCN) initiated at about 360°C and reaches the final value of nearly 100% at about 800°C. The distinct temperatures at which the corresponding loss of weight occurs have been (0, 10%, 20%, 50%, and maximum) recorded in Table 7 .
The temperatures (T 0 , T p , and T c ) corresponding to respective degradation stage were noted and tabulated in Table 8 . It is observed from the figures and values that the effect of micro-filler addition increased the weight loss of micro-composites at increasing temperature. This may be due to a decrease in molecular momentum transfer with an increase in micro-filler addition [23, 27] . Further, it is observed that the combined effect of micro-and 
Deformation of matrix
nano-fillers further increased the weight loss of nanocomposites at a temperature lower than hybrid composites. The addition of micro-and nano-fillers creates cavities in composites which act as thermal pores which increases the rate of heat transfer in composites, hence, more loss of material [24, 27] . However, the thermal stability of nano-composites is better due to the presence of short glass fibers in composites. But the individual effect of micro-fillers did not resist the weight loss of composites at different temperatures. But the synergistic effect of micro-and nano-fillers very much favored the thermal stability of composites than micro-fillers at a higher temperature. It is evident from the observations that the thermal stability of composites can be enhanced by the addition of micro-and nano-fillers with an increase in temperature. At higher temperature, the melt flow of microcomposites increases in the absence of nano-fillers. But by the addition of nano-filler Alumina, the rate of melt flow decreases due to an increase in the contact surface area between micro-and nano-fillers [23, 29] . This synergistic thermal effect supported the nano-composites to resist the weight loss at a higher temperature compared to micro-fillers [24] . The present behavior of nanocomposites agrees with the work of others [27] [28] [29] .
Combined effect of micro-and nano-fillers on the morphology of fractured surfaces
The SEM image of the fractured surfaces of nanocomposites during different mechanical tests is shown in Fig. 7a -c. The morphology of the tensile failure surface of nano-composite is shown in Fig. 7a . It is observed from the figure that the fibers were pulled out from the origin surface. Localized stress concentration is seen on the surface as an effect of filler addition. Agglomeration of fillers is seen on the surface along with the matrix deformation. The deformed surface has exhibited the rough texture showing the brittleness of composites. The impressions of pulled out cavities of fibers are seen in the picture. The failure surface exhibited non-uniform flow of material. The addition of both micro-and nano-fillers made the material brittle to some extent. The flexural morphology of nanocomposites is shown in Fig. 7b . It is found from the figure that the flexure surface has failed due to the presence of tiny voids. Fiber pull out from the surface is more compared to fracture [30] . Deep cavities are observed on the failure surface. This may be due to the effect of hybrid fibers. Fiber pull-out mechanisms are common in the process. But the deformed surface showed that the effect of nano-filler also added for the continuity of deformation. Deep cavities are also observed during flexure of nano-composites. Further, the hybrid fibers were overlapped resulting in the formation of the stress concentration zone. The morphology of the impact failure surface has been studied through the SEM image of Fig. 7c . It is observed from the figure that fiber pull-out impressions are more compared to fracture. Further, the matrix has been deformed severely due to the impact. The fractured surface exhibited the uniform flow of material during impact. It is concluded from the morphological study of nano-composites that failure of composites is mainly due to fiber fracture, agglomeration of fillers, and brittle nature of composites due to the presence of short carbon fibers in composites.
Conclusion
The combined effect of micro-and nano-fillers on mechanical, thermal, and morphological behavior of glass-carbon PA66/ PTFE hybrid composites has been studied. It is well documented that the blend PA66/PTFE served as a matrix material for the developed composites. The synergistic effect of microand nano-fillers has impaired the tensile and flexural behavior of nano-composites whereas the impact strength of nanocomposites has been improved effectively. Further, the stiffness of nano-composites is slightly decreased due to the synergistic effect of fillers. The thermal stability of microcomposites has been decreased due to the effect of microfiller addition. But not much variation in the degree of stability of nano-composites has been observed due to the combined effect of micro-and nano-fillers. The weight loss of nanocomposites at a higher temperature has been slightly resisted due to the synergistic effect of fillers. The morphology of nano-composites showed that the mechanical failure is due to fiber pull out, fiber fracture, crystalline nature of composites, and slight agglomeration of fillers.
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